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Abstract 

Introduction. Numerous researchers of the reliability of building structures pay attention to hardness, an important 
characteristic of the structural material. It is determined by indentation — pressing the tip of the tool into the surface. The 
advantages of dynamic indentation methods and the distribution of stress intensity on the surface and inside the sample 
are investigated. However, the condition of layered materials on impact has been poorly studied. The objective of the 
presented work is to consider indentation for a two-layer sample and determine the sensitivity of the top layer to the 
strength of the substrate. This will allow us to identify significant characteristics of the strength properties of 
homogeneous and heterogeneous structures. 

Materials and Methods. An elastoplastic model of material behavior and a shock indentation scheme were used, which 
took into account the masses of the indenter and the striker coupled by linear springs. The surface of the indenter was 
conical, the opening angle was 120°. The impact was simulated in the MATLAB system. Finite element model in Ansys 
APDL was used to verify the data and analyze the results of the experiment. Traditional models of elasticity theory were 
used for calculations. The behavior of the material in the zone of plastic deformation was described using the options of 
multilinear isotropic hardening and the von Mises plasticity criterion. 

Results. The results of comparing three versions of varying the level of yield strength in the bottom layer are presented: 
when the yield strength in the bottom layer is half as high as the top one, equal to it, and twice as high. Displacements at 
different observation points for samples with a top layer of 2 mm and 1 mm were analyzed. In the first case, under horizontal 
shear, the displacement indices inside the sample did not change if the yield strength level was twice lower or higher than in 
the top one. If these indicators were equal, the difference became noticeable. In the second case (layer 1 mm), the difference 
in displacement was visible at all observation points. Thus, it can be reasonably concluded that a structure with a smaller top 
layer is more sensitive to impact. In the course of the research, it became known that vibrations associated with the transition 
to the plasticity zone occurred in the 2 mm zone, and elastic damping vibrations occurred below this zone. We solved the 
classification problem for the top layer of the material with changing characteristics of the base. The indicator for comparison 
was the Brinell hardness (HB) in the range of 200-600. The results were processed using a neural network and visualized in 
the form of graphs. The accuracy of its calculations was 98%. 

Discussion and Conclusion. To determine the strength properties of homogeneous structures, it is sufficient to 
characterize the speed of displacement inside the sample. For an inhomogeneous structure, additional parameters should 
be introduced — displacements on the surface and inside the sample at fixed observation points. An integrated approach 
to determining the strength properties of an inhomogeneous structure improves the accuracy of calculations, and the use 
of neural networks increases their speed. 


Keywords: multilayer structure, layered material on impact, yield strength level, Brinell hardness, strength of 
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AHHOTalna 

Beedenue. Muorne uccieqopatesM Hae%KHOCTH CTPONTeIbHbIX KOHCTPyKUMH yeAIOT BHHMaHHe TBEPAOCTH — BarK- 
HOW XapaKTepHCTHKe KOHCTpyKUMOHHOrTO MatTepuaa. Ee ompeyesiai0T HHJCHTHpOBaHHeM — BJ{aBJIMBaHHeM HaKOHeY- 
HUKa MHCTPyMeHTAa B HoBepxHocts. UccnezyroTca IpeuMylecTBa MeTOOB JHHAaMHYeCKOTO HHCHTHpOBaHHA, paciipe- 
JeIeHWe MHTCHCHBHOCTH Halips.KeHH Ha WOBCPXHOCTH UM BHYTpH OOpa3ita. OWHAKO MaJIO H3y4eHO COCTOAHME CHIOHMCTBIX 
MaTepHasoB Ip yqape. Llenu npeyctaBseHHol padboTbl — paccMoTpeTb HHCHTUpOBaHHe JIA AByXCOMHOTO OOpa3ila 
Wf OMpeeIMTb YYBCTBUTCJIBHOCTb BEPXHETO COA K MPOUHOCTH NOWIOKKU. ITO MO3BOIMT BbLABHTb 3HAYMMbIe XapakTe- 
PHCTHKM NpOUHOCTHBIX CBOHCTB OJHOPOAHBIX H HEOJHOPOAHBIX KOHCTpyKUHH. 

Mamepuanoi u memoooi. Ucnions30Baiu yupyro-liacTH4ecky!0 MOJesIb NOBEACHHA MaTepHasia U CXeMY yJapHOro HH- 
JeCHTMpOBaHHA, KOTOPad YAMTbIBAeT MACCbI HHJeCHTOpa MW yapHuka, CLeIJICHHbIX JIMHeMHEIMM Wpy2KvHamu. IloBepx- 
HOCTb HHCHTOpa — KOHMYeCKaA, yro packpbiTua — 120°. Yoap MoyesMpoBau B cucteme Matlab. KoneyHoomementT- 
Hy!0 Moye B Ansys APDL npuMenvin AIA BepHUKAaLMH WaHHbIX VM aHasI3a pe3yIbTaTOB 9KcIepuMenta. JIA pacue- 
TOB B3AJIM TpayqMUMOHHble Moen Teopuu yipyroctu. Ilopeyqenue MaTepuana B OOacTH MacTH4ecKoro AetopMupoBa- 
HMA ONMCaIM C MOMOM{bIO ONWUMM MYJIbTHIIMHEMHOrO H30TPONHOLO YIpOuHeHHA HW KpuTepua WiacTH4HocTH Mus3eca. 
Pezynbomamoi uccnedosanua. I{puBoqaTca UTOrM COMOCTaBJICHHA TpexX BaPHaHTOB BapbUpOBaHHA YpOBHA Tpeyesa Te- 
KY4eCTH B HWKHEM CyI0e: Kora peel TeKYYeCTH B HWDKHEM C10 BABOe MEHbILe BEpXHErO, paBeH eMy H BABOe OobUe. 
I[poanamm3upoBaHbl NepeMelleHHA B pa3HbIX TOUKAX HaOJOAeHHA JJId OOpa3slOB C BepXHHM cyI0eM 2 MM H | MM. B nep- 
BOM CJlydae Ip TOpH30HTAIbHOM CBHTre He MCHAIOTCA MOKa3aTesIM MepeMeleHHi BHYTPU OOpa3iia, CCIM YpOBeHb Mpe- 
Wella TeKYYeCTH BABOe HWKe VI BbILe, YM B BepxHem. IIpu paBeHcTBe 9TUX NOKa3aTeseH pa3Hula CTAHOBUTCA 3aMeT- 
HOH. Bo BTopom ciryyae (co | MM) pa3HHia MepemMeleHuii BUAHa BO BCex TOUKaX HaOmOAeHUA. Tak MOX%KHO OOO0CHO- 
BaHHO 3aKJIIOUHTb, YTO KOHCTPyKUHA C MCHBIIHM BepXHHM CJI0eM Ooslee YyBCTBUTeJIbHa K yapHoMy Bo3yelicTBHIO. B 
XO H3bICKaHHHM CTaJIO H3BECTHO, YTO B 30He 2 MM COBEpIalOTCA KOeOaHHA, CBAZAHHBIC C TlepeXOJOM B 30Hy IylacTH4- 
HOCTH, HWKe STON 30HbI — ypyrve 3aTyxalomue KoueOaHna. Penn 3ayauy KaccHpukalluH Id BepXHero CIOA Ma- 
TepHasia C MCHAIOLWMMUCA XapakTepHcTHKaMn OcHoBaHHA. Iloka3aTelb JI cpaBHeHuaA — TBepzocTb 0 bpuHemto (HB) 
B Auara30He 200-600. PesymbTaTbl BU3yYaIM3HpoOBasIM B BUAe rpaduKoB u OOpabotaH C MOMOLLbIO Helipocetu. TOYHOCTE 
ee BLIMHCIeHHH CocTaBusia 98 %. 

O6cyorcoenue u 3akmo4uenue, Ja orpeqeueHvA NPOUHOCTHBIX CBOMCTB OJHOPOJHbIX KOHCTpyKUMM JOCTATOUHO xapak- 
TePHCTHKH CKOPOCTH TepeMeleHHA BHYTpH OOpa3zya. Ja HeOMHOpOAHOM CTpyKTypbI HEOOXOAHMO BBOAMTb OMOJHH- 
TCJIbHbIe TapaMeTpbl — TlepeMeljeHHA Ha MOBepXHOCTH MU BHYTpH OOpa3ia B (PMKCHPOBAaHHBIX TOUKAaX HaOMOAeHuH. 
KommieKcuHbiii NOAXO K Ope eeHHIO MIPOUHOCTHBIX CBOMCTB HEOTHOPOAHOM KOHCTPYKI[MH MOBbIIMAeT TOUHOCTS pac- 
YeTOB, a HCIOJIB30BaHMe HelipoceTeli — HX CKOPOCTb. 


Kurouesbie CI0OBa: MHOTOCIOMHad KOHCTpyKUHA, CIOMCTHIM MaTepHal pH yape, ypoBeHb peyeya TexyyecTu, 
TBepAOCTb 10 bpvHesw10, IpO4HOCTb HEOAHOPOAHOM KOHCTpyKWMU 


BaarogxapHocru. ABTODBI BbIpaxKaroT OaroqapHOcTB peak U peweH3eHTaM 3a BHHMAaTeCJIbBHOe OTHOIMICHHE K CTaTbe 
HW 3aMedaHhA, KOTOPbIe NO3SBOJINJIN MOBbICHTh Ce KadeCcTBO. 


Aisa untTupopanua. badyumuna H.E., Jianmn A.A. Onpeyenenue quHamvueckux HallpmKeHHM HW MepemMeljeHui upu 
TelcTBMM yJapHon Harpy3kKH Ha JByXCNIOMHYy!O KOHCTpyKUMIO B Tipoljecce HHAeHTHpoBaHHa. Advanced Engineering Research 


(Rostov-on-Don). 2024;24(3):264—273. https://doi.org/10.23947/2687-1653-2024-24-3-264-273 


Introduction. When designing and operating building structures, strict requirements are specified to their strength 
and reliability [1]. The literature discusses the issues of reliability of the structure [2], as well as the preservation of its 
operational properties throughout its entire service life [3]. 
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From an engineering point of view, hardness is one of the important material specifications. It is associated with 
mechanical properties, such as yield strength, tensile strength, endurance, etc. Hardness of the material is determined by 
pressing the tip of the tool into the surface. There is a distinction between static and dynamic indentation. The static 
indentation test involves the indentation of a solid indenter into a flat and smooth surface of a soft material (target), whose 
mechanical properties are determined by the measured dependence of the applied load on the depth of penetration. Static 
methods do not allow us to evaluate the physicomathematical characteristics of the material under dynamic loading 
conditions [4]. Dynamic indentation methods are used for this purpose [5]. 

GOST R 56474-2015! presents dynamic indentation as the introduction of an indenter into material under the action of a 
single shock pulse created by a special acceleration device or gravity. This approach applies to non-destructive testing methods. 
Their basic principle is safe inspection, determination of the integrity, and basic working properties of the object [6]. The primary 
advantage is the ease of use. 

Indentation testing is a complex process that includes contact mechanics, material nonlinearity, and fracture 
mechanics. For general cases, it is very difficult to obtain analytical solutions. Therefore, the understanding of the 
processes under consideration is based mainly on experiments and finite element modeling. 

Elastic contact was first studied by G. Hertz [7] at the end of the XIX century. He tried to find an accurate definition 
of hardness using an elastic process. Later, J.V. Boussinesq developed a method based on potential theory for calculating 
stresses and displacements in an elastic body loaded with any rigid axisymmetric indenter. As for the depressions 
associated with plastic deformation, early research focused on yield strength and tensile strength. 

Publications pay attention to the methods of dynamic indentation to determine the strength properties of structures. 
Thus, N.N. Avtonomov and A.V. Tololo considered the problem of pressing a spherical indenter into an elastoplastic 
material [8]. The authors analyzed the distribution of stress intensity on the surface and inside the sample. Thus, it became 
known that the zones of maximum intensity are located at a short distance from the contact zone of the indenter and the 
sample, and expand with increasing load. 

Foreign authors [9] have developed a method of dynamic indentation, which consists in measuring the depth and 
reaction to the load of the sample during the indentation process. To determine the depth, a displacement measurement 
method based on moire interferometry was used. The load was measured with a quartz sensor. The results of numerical 
simulation by the finite element method indicated that this approach was in good agreement with the values obtained 
using traditional methods for determining the strain rate. 

Scientists considered strength properties of materials in the indentation process. Many papers are devoted to this, for 
example [10]. The study of the behavior of the “target” under the mechanical loads plays a key role in the development 
of new materials, structures and products [11]. Comprehensive research makes it possible to solve the problems of 
optimizing operating procedures, providing the reliability of structures, and preventing failures in their operation. 

The solutions obtained open up the possibility of creating more efficient and sustainable structures [12], which 
determines the relevance of research in this direction. At the same time, the issue of the state of layered structures under 
impact is still insufficiently studied. 

The work is aimed at analyzing stresses and displacements in a two-layer structure and identifying the sensitivity level 
of the top layer of the sample to the strength of the substrate. The study will allow us to establish significant characteristics 
for determining the strength properties of homogeneous and heterogeneous structures. 

Materials and Methods. The diagram of the impact indentation device is shown in Figure 1. 


mi 


F(t) 
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Fig. 1. Diagram of the impact indentation device 


' GOST R 56474-2015. Space Systems. Non-destructive Testing of Physical and Mechanical Properties of Space Technique's Materials and Coatings 
by Dynamic Indentation. General Requirements. Electronic Fund of Legal and Regulatory Documents. URL: https://docs.cntd.ru/docu- 
ment/1200122009 (accessed: 14.05.2024). 
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The system of differential equations corresponding to the dynamics of the mechanical elements of the shock 
indentation device has the form: 

mx, =k, (x, —x,)-F(t), 

—_ (1) 

MX. = —ky xX, —k, (x5 —x, i 

This is how the oscillatory process of a dynamic system with two masses is described: m; — mass of the indenter; 

mz — mass of the striker. The masses are coupled by linear springs with stiffness k; and ko, respectively [13]. The values 

of vertical displacements x(t), x2(f) as degrees of freedom of massive elements are unknown in time. The striker was 
cocked to height 4. After descending, at the moment of contact with the indenter, he reached the speed 


h2 
Vo9 = 2gh+= : 
2 


Thus, the initial conditions should be added to the system (1): 
x, (0) =0, x, (0) =0, x, (0) =0, x, (0) = va9. (2) 

Value F(¢) of the resistance force from the injected material is unknown. 

We assume that the surface of the indenter is conical with opening angle a = 120 degrees. Therefore, it is required to 
use an elastic-plastic model of the behavior of the test material. At the apex of the cone, the onset of impact and plastic 
deformation coincides. 

The impact process was modeled in the MATLAB system. This made it possible to select the mechanical parameters 
of the installation. A finite element model in the Ansys APDL environment was used to verify the data and analyze the 
results of the experiment. A two-layer construction was considered. Its displacements and stresses arising in a two-layer 
sample under the action of a dynamic load were analyzed. Traditional models of elasticity theory were used in the 
calculations. To describe the behavior of the material in the zone of plastic deformation, the options of multilinear 
isotropic hardening and the von Mises plasticity criterion were used: 


foe, \=6.-4;.=0. (3) 


: ; 1 ieee 
where o, — von Mises equivalent stress, o, = | (a o- Ful (o)’ } o, — uniaxial yield strength. 


To control the convergence accuracy, a finite element grid was pre-selected. When studying the parameters of a two-layer 
structure, we considered three options for varying the level of yield strength in the bottom layer in three cases — when the yield 
strength in the bottom layer is half as high as the top one, equal to it, and twice as high (Table 1). 


Table 1 
Structure and Parameters of the Studied Structures 
No. ; ; : Level, mm 
Level of yield strength in the bottom layer relative to the top one ? 
(strength coefficient K) top bottan 

1 1/2 

2 1 1 9 

3 2 

4 1/2 

5 1 2 8 

6 2 


A detailed analysis of the displacements at different observation points clearly shows the difference in the nature of 
displacements in the zone of plastic deformations. To study the displacements, the following scheme was selected (Fig. 2). 
The top layer of the structure was highlighted in a darker gray color for clarity. 
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I-33: +5 Sample surface 1 3°55 Sample surface 
-1.5mm @ -1.5mm 
2.5mm @ 2.5mm @ 
a) b) 


Fig. 2. Determination of points for measuring vertical and horizontal displacements: a — construction with a top layer of 1 mm; 
b — construction with a top layer of 2 mm. Numbers 1, 3 and 5 indicate the level of yield strength in the bottom layer relative 
to the top one in accordance with Table 1 


Research Results. Figure 3 shows a comparative characteristic of the displacement level on the sample surface with 


a horizontal shear of the observation point from the impact point. 
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Fig. 3. Displacements on the sample surface at various contact points: a, b — at the 1st contact point; 
c, d — at the 3rd point on the surface; e, {, — at the Sth point on the surface 


268 


Babushkina NE, et al. Determination of Dynamic Stresses and Displacements under the Action of an Impact Load ... 


Evidently, for a two-layer structure with a top layer of 2 mm, a change in the yield level at the Ist and 3rd contact points 
during horizontal shear does not affect the displacement parameters inside the sample. At the 5th point, the difference 
becomes noticeable. For a structure with a top layer of 1 mm, the difference in the level of displacement is noticeable at all 
observation points. It can be concluded that a structure with a smaller top layer is more sensitive to impact. 

Figure 4 shows the distribution of stress intensity at different levels of the top coating. These data suggest that 
fluctuations associated with the transition to the plasticity zone occur in the 2 mm zone, and elastic vibrations that fade 
over time occur below this zone. 
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Fig. 4. Stress intensity at different values of strength coefficient K, MPa: a— K= 0.5; b— K=1; c— K=2 
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Figure 5 shows graphs of stresses on the surface at various observation points. 
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Fig. 5. Stresses on the sample surface at various contact points: a, b — at the contact point; 
c, d —at the 3rd point on the surface; e, f, — at the 5th point on the surface 


To analyze the influence of the base on the strength properties of the sample, the problem of classification [13] by the 
value of Brinell hardness (HB) of the top layer of the material with varying characteristics of the base was solved. Within 
the framework of the study, five classification groups were identified (Table 2). 


Table 2 
Classification Groups 
No. Group Value of HB 
1 I 200 
2 II 300 
3 I 400 
4 IV 500 
5 Vv 600 
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The calculated values obtained using a mathematical model were fed to the input of a neural network. Figure 6 
shows the values of speeds and displacements for the selected hardness groups. 
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Fig 6. Calculated values for classification groups: 
a — rate of indenter introduction; b — displacements 


For further data processing, a created and trained neural network with a fully-connected structure was used [14]. It is 
worth noting that neural networks have extensive capabilities in solving this type of tasks [15], in particular, in the sphere 
of construction [16]. Neural networks are often used for qualitative assessment, forecasting and monitoring of the 
condition of building structures [17], as well as for parametric identification of objects [18]. The increase in computing 
power of neural networks directly affects the development of their functionality [19]. 

The accuracy of neural network calculations was 98%. Therefore, the neural network correctly analyzes the 
experimental data and is able to adequately take into account the behavior of the material under shock loading. 

Discussion and Conclusion. Thus, the analysis of the distribution of displacements and stresses in the sample allows 
us to draw a number of conclusions. 

1. Level of vertical displacements in the wave process is much higher than in the horizontal one. 

2. Level of stiffness of the substrate affects the distribution of displacements and stresses. 

3. In the more solid bottom layer, the displacement is noticeably less than in the soft one. 

4. Top layer is sensitive to the strength of the substrate if its height does not exceed 1 mm. 

5. With distance from the indentation site, the deformations become elastic, the stress does not go out into the zone of 
plastic deformations. 

Based on the research results, it can be argued that to determine the strength properties of homogeneous structures, 
one value characterizing the speed of displacement inside the sample is sufficient. For an inhomogeneous structure, it is 
required to introduce additional parameters, such as displacements on the surface and inside the sample at fixed 
observation points. An integrated approach to determining the strength properties of an inhomogeneous structure will 
improve the accuracy of calculations. And the use of neural network technologies to solve this type of problem opens up 
the possibility of faster calculations. 
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